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We report specific heat, magnetic, and muon spin relaxation measurements performed on a poly-
crystalline sample of the normal spinel CdHo2S4. The rare-earth ions sit on a lattice of corner-sharing
regular tetrahedra as in pyrochlore compounds. Magnetic ordering is detected at Tc ≃ 0.87 K. From
spin-lattice relaxation rate measurements on both sides of Tc we uncover similar magnetic excita-
tion modes driving the so-called persistent spin dynamics at T < Tc. Unidimensional excitations
are argued to be at its origin. Often observed spin loop structures are suggested to support these
excitations. The possibility of a generic mechanism for their existence is discussed.
PACS numbers: 75.40.-s, 75.40.Gb, 76.75.+i
Magnetic materials with coupled spins located on
corner-sharing tetrahedra are expected to exhibit geo-
metrical magnetic frustration because their spatial ar-
rangements are such that they prevent the simultane-
ous minimization of all the interaction energies. Typi-
cal examples are given by the pyrochlore insulator com-
pounds of generic chemical formula R2M2O7, where R
is a rare earth ion and M a non magnetic element.1
For instance Ho2Ti2O7 for which the net interaction be-
tween the spins is ferromagnetic, has been the first rec-
ognized spin-ice system and an analogy has been drawn
between the proton positions in common ice Ih and the
spin configuration.2 Its properties seem mostly described
by classical physics. On the other hand, Yb2Ti2O7 is
an example of a three-dimensional quantum spin liquid,3
at least for the best available sample characterized by
a clear specific heat peak at its first order transition.4,5
While this transition is reminiscent of that observed be-
tween the gas and liquid states of conventional matter,
it is characterized by a strong quantum entanglement.6
As a last example, we cite Yb2Sn2O7 which is a splayed
ferromagnet, i.e. essentially a ferromagnetic compound,7
with an emergent gauge field.8
Although this physics is exotic, an interpretation at
the mean-field level is within reach.8 However, the most
exotic property of these compounds lies in their dynam-
ics. The origin of the ubiquitous persistent spin dynam-
ics observed in geometrically frustrated magnetic mate-
rials is still elusive. Its most famous signature is a finite
and approximately temperature independent spin-lattice
relaxation rate λZ observed in these compounds below
≈ 1 K irrespective of the presence of a magnetic order or
not. Conventionally, at temperatures well below |θCW|
where θCW is the Curie-Weiss temperature, a magnetic
system should order and λZ should vanish when the tem-
perature approaches zero. Still, a finite and temperature
independent λZ is found in the ordered state of mag-
netic compounds such as Cu2Cl(OH)3,
9 Gd2Sn2O7,
10,11
and Gd2Ti2O7,
12 to cite few reported cases. Also sur-
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FIG. 1. (Color online) (a) Rare-earth ions lattice in the py-
rochlore R2M2O7 and normal spinel CdR2X4 compounds.
The thicker light blue (thinner dark blue) bold line repre-
sents a 6 (10)-site loop. (b) Low temperature heat capacity
of CdHo2S4.
prising is the absence of muon spin spontaneous preces-
sion in muon spin relaxation (µSR) measurements below
the magnetic critical temperature Tc for Tb2Sn2O7,
13,14
Er2Ti2O7,
15,16 and Yb2Sn2O7.
7 This lack of spontaneous
precession stems from unexpected excitation modes be-
low Tc, as first shown for Tb2Sn2O7.
13,17,18 A physical
mechanism accounting for them is still missing.
Recently normal spinels of chemical formula CdR2X4
(X = S, Se) have attracted some attention.19 In this
crystal structure, the R ions form the same lattice of
corner-sharing regular tetrahedra as in the pyrochlore
compounds; see Fig. 1a. A spin-ice behavior has been
discovered for CdEr2Se4,
20 highlighting the interest of
extending the number of compounds with geometrical
frustration on a three-dimensional lattice.
Here we report bulk and µSR measurements for the
normal thiospinel CdHo2S4. We find evidence for a mag-
netic phase transition with similar magnetic excitation
2modes on both sides of Tc. We show that these modes
are at the origin of the observed persistent spin dynamics
as fingerprinted by λZ .
The synthesis of CdHo2S4 powder has followed a two
step route. First, Ho2S3 has been prepared starting with
holmium metal (4N) and sulfur (5N) properly mixed and
heat treated in a vacuum sealed quartz tube up to 720◦C
over 2 weeks, the temperature being increased step by
step to avoid excessive pressure due to sulfur vapor. The
phase has been checked by x-ray powder diffraction. Sec-
ondly, Ho2S3 has been mixed with commercial CdS pow-
der (5N) and pressed under 4 tons into 13 mm diameter
pellets to improve solid state reaction. A heat treatment
of the resulting product has been achieved up to 900◦C
for two weeks in a sealed quartz tube under vacuum.
The final yellow/brown ceramic has been found to be the
CdHo2S4 phase perfectly crystallized without any x-ray
detected foreign phases. Finally sintered pellets were ob-
tained from this ceramic after grinding and compaction
with the same press, followed by a heat treatment at
600◦C over 6 hours under vacuum.
The investigation of the macroscopic properties has
consisted of measurements of the heat capacity using a
Physical Property Measurement System (Quantum De-
sign Inc.), and of the magnetization and ac susceptibility.
These magnetization experiments have been performed
by the extraction method using a Magnetic Property
Measurement System (Quantum Design Inc.) for mea-
surements down to 2 K and a superconducting quantum
interference device magnetometer developed at the Insti-
tut Ne´el21 for measurements down to 0.07 K and up to
an external magnetic field Bext = 8 T.
The µSR experiments were carried out at the Swiss
Muon Source (SµS, Paul Scherrer Institute, Switzerland)
either at the Low Temperature Facility (LTF) or the Gen-
eral Purpose Surface-muon instrument (GPS) depending
of the temperature range. Measurements were performed
with the transverse (longitudinal) geometry in which the
external field defining the Z axis of a referential frame, is
applied perpendicular (parallel) to the initial muon spin
polarization. The measured physical quantity is the so-
called µSR asymmetry time spectrum which describes
the evolution of the projection of the muon polariza-
tion perpendicular to (along) the direction of the ini-
tial polarization.22 The spectrum is denoted as a0P
exp
X (t)
(a0P
exp
Z (t)) for the transverse (longitudinal) field geome-
try. Zero applied field measurements were also performed
in the longitudinal geometry.
The heat capacity Cp depicted in Fig. 1b displays a
fairly narrow peak at Tc ≃ 0.86 K, signalling a thermo-
dynamic phase transition, and a broad hump centered at
about 3 K. This latter feature, attributed to the onset of
short-range magnetic correlations and not described by
the Landau free energy, is commonly observed in frus-
trated magnets.23
We now consider the bulk magnetic measurements.
Figure 2 depicts the inverse of the susceptibility, i.e. 1/χ,
versus temperature in a broad temperature range. The
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FIG. 2. (Color online) Inverse of the magnetic susceptibil-
ity versus temperature. The data have been measured in a
magnetic field of 1.1 mT. The solid line results from a fit of
the Curie-Weiss law to the data measured above 150 K. The
susceptibility is dimensionless since we use SI units.
Curie-Weiss law provides a good description of χ above
150 K with θCW = −3.6 (5) K and the so-called param-
agnetic moment mpm = 10.8 (7)µB. This latter num-
ber compares favorably with the isolated Ho3+ value,
meff = 10.6µB. From measurements with Bext = 0.1 T,
Lau et al. have reported a similar value for mpm, but
a larger θCW absolute value (θCW = −7.6 (2) K).
19 Be-
cause θCW is negative, the dominant exchange interac-
tions are antiferromagnetic. A slight deviation from the
Curie-Weiss law is observed below 150 K.
In Fig. 3, the variation of χ at low temperature is dis-
played: it exhibits a weak maximum at Tc ≃ 0.88 K. This
maximum is somewhat stronger in ac susceptibility data
(not shown) recorded in the 5-100 Hz frequency range.
Together with the aforementioned Cp peak these results
point to a magnetic transition at Tc. An uprise in χ(T )
is detected well below Tc. An origin for it could be the
presence of residual free spins in our sample. Modeliz-
ing this upturn as explained in the caption of Fig. 3, a
very good fit is obtained for a 1.7% fraction of Ho3+ ions
being in a paramagnetic state with a moment meff ; see
full line in Fig. 3. The Curie-Weiss temperature associ-
ated with this fraction of the spins is negligible: θCW,fs
= −37 (1) mK.
In order to check the hypothesis that the χ upturn
arises from a small fraction of the Ho3+ spins, we have
used the µSR technique in the transverse-field geometry.
Here, a field Bext transverse to the initial polarization
of the muon beam is applied to the sample. The muon
Larmor precession is then monitored (Fig. 4), yielding
the mean field magnitude 〈Bµ〉 at the muon site which
uniformly probes the sample volume. The quantity of in-
terest here is Kexp = (〈Bµ〉−Bext)/Bext. Once corrected
for the demagnetization and Lorentz fields,24 this quan-
tity is proportional to a microscopic susceptibility which
can be compared to the macroscopic susceptibility dis-
cussed above. The proportionality coefficient depends on
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FIG. 3. (Color online) Magnetic measurements for a CdHo2S4
powder sample. The data for the magnetic susceptibility χ
versus temperature were recorded with external fields Bext
ranging from 0.5 to 50 mT and were found to match one
another. The field was applied in the plane of the sample
pellet so that the demagnetization field is small. The solid line
at low temperature together with the dotted line extension
above Tc represents a fit of the function Cfs/(T − θCW,fs) +
a + b T to the data recorded below Tc. The former term
represents the contribution of weakly interacting Ho3+ spins,
while the remaining terms describe the majority spin state;
see main text. The quantity Kexp defined in the main text
and measured for different Bext as indicated in the figure, is
shown for comparison.
the muon-system coupling. In Fig. 3, −Kexp(T ) is found
to track χ(T ) for T > 3 K. However for T <∼ Tc, −Kexp
only weakly depends on the temperature. This observa-
tion confirms that the uprise of χ(T ) is not representative
of the vast majority of the Ho3+ spins in CdHo2S4.
The measurements of the magnetic moment per
holmium ion as a function of field at 4.2 K and down
to 0.07 K are presented in Fig. 5. The moment tends
to saturation with msat ≃ 8.2µB/Ho
3+ under 8 T,
fairly consistent with msat ≃ 7.5µB/Ho
3+ at 5 T pre-
viously reported.19 The value for msat is much larger in
CdHo2S4 than in Ho2Ti2O7,
25 suggesting a different type
of anisotropy in the two compounds. With the presently
available experimental data the electronic configuration
of the Ho3+ spins, in particular their crystal electric field
energy levels and wave functions cannot be discussed fur-
ther. In Fig. 6 we display the derivative of the magnetic
moment value with repect to the external field. At 4.2
and 2 K it monotonically decays as the external field is
increased. At lower temperatures the derivative passes
through a maximum at a field of approximately half a
tesla. This maximum is the signature of a metamagnetic-
like behavior, as usually observed in antiferromagnets.
The sharp decrease of the derivative for fields up to
≃ 0.2 T at 0.07 K is more surprising. While we have
no definitive explanation for it at the moment, it could
be associated with the fraction of free spins detected in
the susceptibility measurements.
We now discuss the zero-field µSR spectra. Examples
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FIG. 4. (Color online) µSR spectra recorded in a transverse of
50 mT at 0.2 and 1.2 K. The full lines are the results of fits to
the data. The model consists of a sum of two exponentially
damped cosine functions, the former and latter accounting
for muons stopped in the sample and its surroundigs, respec-
tively. The amplitudes extracted from the fits are temper-
ature independent for the two components. The precession
frequency νµ of the former provides a measure of the mean
field 〈Bµ〉 = 2piνµ/γµ at the muon site in the sample; see main
text for details. γµ = 851.615Mrad s
−1 T−1 is the muon gy-
romagnetic ratio.
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FIG. 5. (Color online) Magnetic moment per holmium ion of
a CdHo2S4 powder versus field measured for different tem-
peratures as indicated in the figure.
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FIG. 6. (Color online) External field derivative of the Ho3+
magnetic moment of a CdHo2S4 powder for different temper-
atures as indicated in the figure.
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FIG. 7. (Color online) Four µSR spectra recorded for a
CdHo2S4 powder sample, two zero-field spectra taken on both
sides of the magnetic phase transition temperature Tc, and
two longitudinal field spectra recorded at T = 0.12 K i.e.
T ≪ Tc. The early time details are shown in the insert. The
solid lines result from fits as explained in the main text.
of spectra recorded on both sides of Tc are displayed in
Fig. 7. Contrary to expectation for an ordered magnet,
no spontaneous oscillation is detected below Tc. There is
also no missing asymmetry which would result from an
unresolved oscillation. We simply find an exponential-
like relaxation on each side of Tc. This is a signature of
a strong dynamical spin component below Tc.
The function a0P
exp
Z (t) = asPZ(t) + abg, where the
second time-independent component accounts for the
muons missing the sample, has been fitted to the spec-
tra. A good description of PZ(t) in zero field is obtained
with a stretched exponential relaxation, i.e. PZ(t) =
exp[−(λZt)
β ]. The exponent β has been found constant
with β = 0.8 up to 0.6 K, and then it increases steadily
with temperature, reaching β = 1 above 10 K. As seen
in the insert of Fig. 8, to the critical temperature corre-
sponds a faint anomaly in λZ(T ). The rate λZ is finite
and becomes almost temperature independent below Tc,
a signature of the so-called persistent spin dynamics.
The results for CdHo2S4 are consistent with the pre-
vious observation for the ordered spin ice Tb2Sn2O7.
13
While a spontaneous oscillation is also absent in the
order-by-disorder antiferromagnet Er2Ti2O7 (Refs. 15
and 16) and the splayed ferromagnet Yb2Sn2O7,
7
their relaxation below Tc is not exponential-like. For
Tb2Sn2O7 and CdHo2S4 we are in fact in the fast fluctu-
ation regime for which γµ∆rms τc ≪ 1, where ∆rms and τc
are the standard deviation of the field distribution at the
muon site and the correlation time of the field-correlation
function, respectively. This key feature will enable us
to investigate the relaxation in terms of spin-correlation
functions. Before leaving this qualitative discussion,
we note that an inflection point in λZ(T ) is present
around 20 K. It may correspond to a crossover from
a crystal-electric-field excitation dominated regime22,23
to a strongly correlated low-temperature paramagnetic
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FIG. 8. (Color online) Spin-lattice relaxation rate λZ ver-
sus longitudinal field intensity Bext and temperature T for a
CdHo2S4 powder. In the main frame is displayed λZ(Bext) for
two temperatures below and above Tc. The λZ(T = 0.12 K)
maximum occurs at 20 mT. The solid lines are explained in
the main text. The dashed line at small Bext and T = 0.12 K
is a guide to the eyes. In the insert is displayed λZ(T ) mea-
sured from 0.019 to 55 K under zero field or Bext = 5 mT. The
temperature Tc at which the compound exhibits a magnetic
phase transition is specified by an arrow.
regime. We also note that Tb2Sn2O7 has been discussed
in terms of a partially ordered magnet owing to the coex-
istence of static and dynamical magnetic modes in its or-
dered phase.18 Such a situation may apply for CdHo2S4.
Figure 7 also displays two longitudinal-field spectra
recorded at 0.12 K. They are reasonably represented by
a stretched exponential function. This means that the
system is characterized by a distribution of relaxation
rates.22,26–28 In Fig. 8 we present λZ(Bext). While at
1.2 K it drops monotonically as Bext is increased, it
exhibits a maximum at ≈ 20 mT for T = 0.12 K be-
fore decreasing at larger Bext. We also note a slight
upturn in λZ above 1.5 T which could be associated
with a crystal-electric-field effect. A low-field λZ maxi-
mum has already been reported.13,29–31 An avoided level-
crossing resonance might be at play.32 A quantitative
analysis should provide further information. Neglect-
ing this maximum, we find λZ(Bext) to be well de-
scribed by a conventional Lorentzian behavior (full lines
in Fig. 8): λZ(Bext) = 2γ
2
µ∆
2
rmsτc/(1 + γ
2
µB
2
extτ
2
c ).
22,33
At 0.12 K a fit to the data gives τc = 3.8 (3) ns and
∆rms = 49 (4) mT, and at 1.2 K, the parameters are
τc = 3.08 (8) ns and ∆rms = 40 (1) mT. An additional
small constant λZ,0 = 0.4µs
−1 needs to be added to the
Lorentzian at 1.2 K. Surprisingly, the two parameters
of the Lorentzian function have approximately the same
values at 0.12 and 1.2 K. This suggests the same type of
excitations to be involved in the relaxation of the muon
spin in the ordered and paramagnetic states. We also
note that the paramagnetic fluctuation time scale of a
few nanoseconds is anomalously long: from the energy
scale given by the value of |ΘCW| one would expect a
fluctuation time at least two orders of magnitude shorter.
Before discussing our experimental result in terms of
5intrinsic properties of the magnetic fluctuation modes
that have been uncovered, we note that an alternative
explanation has been proposed for the finite and tem-
perature independent relaxation rate measured at low
temperature.34 The model put forward by Que´merais and
coworkers is based on the coherent diffusion of polaronic
muons rather than magnetic fluctuations. However this
interpretation of the Dy2Ti2O7 data
35,36 leads to a muon
hopping rate nearly three orders of magnitude larger than
that measured on the isostructural non-magnetic mate-
rial Y2Ti2O7.
37 Moreover spin dynamics has been de-
tected in Dy2Ti2O7 down to 0.1 K.
38 Although no data
is available concerning muon diffusion in CdHo2S4, here
we will not consider this possibility. Indeed, the similar-
ity of the data in this material, in the pyrochlore systems
listed at the beginning of this text, and in Cu2Cl(OH)3
strongly suggests that an explanation generic to three
dimensional networks of corner sharing tetrahedral spins
must pertain.
To explain the low-temperature finite and approxi-
mately temperature independent zero-field λZ value, a
Raman relaxation process involving two magnetic exci-
tations has been put forward.12 Generalizing this picture,
we write
λZ = C
∫
∞
∆
f [ǫ/(kBT )]g
2
m(ǫ)dǫ. (1)
Here C is a temperature independent constant and f(x) =
n(x)[1 ± n(x)], with n(x) the Bose-Einstein or Fermi-
Dirac distribution function and the + or − signs are for
bosonic or fermionic excitations, respectively. We have
introduced the magnetic density of states responsible for
the relaxation gm(ǫ) and an energy gap ∆. To get λZ
temperature independent, we need gm(ǫ) = bµǫ
−1/2 and
(∆ − EF) or (∆ − µ) proportional to temperature i.e.
equal to aµkBT , where aµ and bµ are finite constants.
We have denoted EF the Fermi energy and µ the chemical
potential (needed if the boson number is not fixed). The
inverse square root form for gm(ǫ) needs to be verified
only at low energy.12
Expressing gm(ǫ) in terms of the spin correlation func-
tion 〈Jq(t)J−q(0)〉, we obtain
gm(ǫ) =
∑
q
∫
∞
−∞
〈Jq(t) · J−q(0)〉
〈Jq(0) · J−q(0)〉
exp
(
iǫt
h¯
)
dt
2πh¯
. (2)
The sum is over the first Brillouin zone vectors. We re-
call 〈Jq(t)·J−q(0)〉 =
∑
i exp(−iq·i)〈J0(t)·Ji(0)〉, where
Ji and J0 are the spins at the lattice point i and at the
origin of the lattice, respectively. Since muons probe the
very low energy spin excitations it is justified to consider
the correlation function at long times. In this limit it is
governed by a diffusion equation for a Heisenberg Hamil-
tonian system,39–41 i.e. 〈J0(t)·Ji(0)〉 ∝ 1/(D|t|)
d/2 where
d is the dimensionality of the spin system and D a dif-
fusion coefficient. Since the Fourier transform of
√
1/|t|
is
√
2π/|ω| =
√
2πh¯/|ε|, unidimensional spin structures,
i.e. d = 1, are inferred to explain the low-temperature
λZ plateau found for geometrically frustrated magnetic
materials, at least when the relaxation is exponential-
like. Although the algebraic decay was originally de-
rived from a phenomenological high-temperature theory
for a Heisenberg system,39 a microscopic analysis leads to
the same form for the correlations at low temperature in
one-dimensional quantum spin systems with anisotropic
exchange.42
We tentatively associate the low energy unidimensional
excitations inferred from the temperature independent
spin-lattice relaxation rate observed in numerous frus-
trated magnets to loop spin structures that have been
considered theoretically (see e.g. Refs. 43–45 for three
dimensional systems) and suggested from neutron scat-
tering experiments. An hexamer pattern was reported in
the paramagnetic phase of the spinel chromite ACr2O4
with A = Zn,46 then for A = Cd,47 and later on for A =
Mg in the paramagnetic and ordered magnetic states.48,49
Results for the itinerant system Y0.97Sc0.03Mn2 display
a broadly similar feature.50 Hexamer correlations seem
also present in the spin-ice system Dy2Ti2O7.
51 An illus-
tration for an hexamer structure is presented in Fig. 1a,
as well as another putative structure.
The similarity of λZ(Bext) measured for CdHo2S4 on
both sites of the transition shows unidimensional exci-
tations to be present in both phases. The unusual long
time scale observed for the spin dynamics is then consis-
tent with the relatively large number of spins involved in
the process. A possible origin for the drop of λZ above
≈ 1 K might be excitation interactions which would break
the spin-correlation power-law decay.
The ubiquituous low-temperature excitations that we
infer suggest a generic mechanism. Emergent monopoles
are the low-temperature magnetic excitations of spin-
ice systems, i.e. of ferromagnetically interacting spins on
a lattice of corner-sharing tetrahedra.52,53 An all-in all-
out spin arrangement for the same lattice can be viewed
as a lattice of magnetic octupoles.54 Although still not
proven, the same picture implying multipoles may apply
to other antiferromagnetic structures. These poles in-
teract through an effective, possibly screened, Coulomb
interaction. We suggest to investigate whether this inter-
action could explain the excitations we have uncovered.
In summary, the thiospinel CdHo2S4 in which the rare
earth spins form a lattice of corner sharing regular tetra-
hedra undergoes a magnetic transition at Tc ≃ 0.87 K. A
signature of anomalously slow fluctuation modes is found
in the paramagnetic state. Similar modes are present in
the ordered phase. Spin dynamics is observed down to
at least Tc/50 through a finite and roughly temperature
independent muon spin-lattice relaxation rate λZ . This
is shown to be the signature of emergent unidimensional
spin excitations. Since the λZ plateau has been found
in virtually all the frustrated compounds including the
pyrochlore, kagome and triangular systems55, we conjec-
ture the unidimensional spin excitations to be a generic
feature of geometrically frustrated magnets, should the
system order or not.
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